The restriction endonuclease (R.SsuFI) of Bacillus subtilis recognizes the target DNA sequence 5' CCGG. The R.SsuFI gene was found in close proximity to the cognate M.SsuFI gene, which had previously been characterized (1). Cloning of the R.SsuFI gene in E.coli was only possible with the M.SsuFI Mtase gene present on a compatible plasmid. The cloned R.SsuFI gene was expressed in E. coli and restriction activity was observed in vivo and in vitro. The R.SsuFI gene consists of 1185 bp, coding for a protein of 395 amino acids with a calculated molecular weight of 45.6 kD. The R.SsuFI enzyme was purified to homogeneity following overexpression. It presumably works as a dimer and cleaves the 5' CCGG target sequence between the two cytosines to produce sticky ends with 5' CG overhangs, like the isoschizomers R./Wspl and R.Hpall. The relatedness between R.SsuFI and R./Wspl is reflected by significant similarities of the amino acid sequences of both enzymes. This is the first case where such similarities have been observed between isoschizomeric restriction endonucleases which belong to 5mC specific R/M systems. This observation suggests that R.SsuFI and R./Wspl genes derive from a common ancestor. In spite of such functional and evolutionary relatedness, the R/M systems differ in the arrangement of their R and M genes. In the SsuFI system transcription of the two genes is convergent, whereas divergent transcription occurs in the Msp\ system. and R.Rsrl (4); (iii) in contrast, Mtases (5, 6, 7) show sometimes extensive amino acid similarities to one another; (iv) ENase and Mtase of the same R/M system have no significant homology, although both act on the same DNA target.
INTRODUCTION
Type II restriction endonucleases (ENase) occur in association with DNA methyltransferases (Mtase) of restriction/modification (R/M) systems. Their primary function is to inactivate foreign DNA invading bacteria (2) . In the last decade a number of genes encoding ENase have been cloned and characterized (3) . Comparative studies on sequenced R/M systems led to some general conclusions: (i) the two genes of R/M systems are always located in close proximity to each other in bacterial chromosomes; (ii) no significant similarities were found on the amino acid sequence level between restriction enzymes of different R/M systems with the exception of the isoschizomeric pair R.EcoRl
MATERIAL AND METHODS

Bacterial strains and media
The Bacillus subtilis strains used were ISF18 (hsrM~, hsmM + , hsrF+, hsmF + ) (10) and SB1207 (hsrM~, hsmM + , hsr?~, hsmF-) (11) . The E. coli strains NM675 (el4°, D (mrrh sdRMS-mcrBC)) (12) , K803 (el4°, mcrB-l, hsdS-3) (13) and DH5aMcr (el4°, recA~, A (mrr-hsdRMS-mcrBC)) (Life technologies, Gaithersburg, MW, USA) were used for maintenance of plasmids encoding the BsuFl ENase and Mtase. JM103 (14) was used as host for cloning procedures with M13 mpl8/ mpl9 (15) . B. subtilis strains were grown in TY medium (16) with the addition of 5 ng chloramphenicol/ml, if required. E. coli strains were grown in L-Medium (17) with addition of 50 to 100 ng ampicillin/ml, 70 ng spectinomycine/ml or 13 /tg tetracycline/ml, if required. Competent B. subtilis cells were prepared and transformed as described (18) .
Plasmids and phages
Plasmid pBW201 (1) and pOU71-5, a derivative of pOU71 (19) , each encoding the BsuFl Mtase were used in the two step cloning procedure to protect the host genome against R.BsuFl cleavage. The low copy number plasmid pGB2 (20) with the spectinomycine resistance gene (Sp R ) served as a vector for subcloning of the R.BsuFl gene and pMSl 19 H/E (a gift of E. Lanka), a derivative of pJF119 (21) was used as an expression vector of the R.BsuFl gene. The chloramphenicol resistance gene (Cat R ) of pC194 (22) and was used for construction of pBRCatl8.
Phage stocks of X vir were prepared by plate lysates (23) . Phage stocks of modified and non-modified SPP1 phages were prepared as described (24) .
Determination of nucleotide sequences
DNA restriction fragments and deletion derivatives of the 1.7 kb HindllllHpal fragment of pBW55 were subcloned in Ml3 mpl8 or mpl9 vectors. The nucleotide sequences of overlapping fragments of both strands were determined by the dideoxy chain termination method (25) .
Enzymes and chemicals
Restriction enzymes, calf intestinal phosphatase, Klenow fragment of DNA polymerase and T4 DNA Ligase were obtained from Boehringer Mannheim, FRG and used under conditions recommended by the manufacturer. [a 35 -S] dATP was purchased from Amersham (UK).
Construction of expression vector
In order to clone the R.BsuFl gene, host DNA must be premodified by M.BsuFl. Therefore, the genes of the BsuFl R/M system were separated on two compatible plasmids. The Mtase encoded by a 2.5 kb EcoRl fragment was inserted into the plasmid pOU71, a ColEI replicon. This plasmid, pOU71-5, contains the Amp R gene and the temperature-sensitive lcI857 repressor, which regulates the expression of the replication control genes. At 37°C the copy number of this vector reached nearly that of pBR322 (26) .
The R.BsuFl gene encoded on a 2.1 kb Hindill-BamHl DNA fragment of pBW55 was cloned on a compatible and selectable expression vector. The plasmid, designated as pBW57 (Fig. 4) , was maintained in DH5aMcr [pOU71-5].
Overexpression and purification of R.BsuFl endonuclease A 200 ml culture of DH5aMcr [pOU71-5/pBW57] grown to Agog = 0.8 was induced with lmM IPTG. After 4 h cells were harvested by centrifugation and washed in 20 mM Tris (pH 8.0).
Cells were collected by centrifugation and resuspended in 5 ml 20 mM Tris (pH 7.6), 500 mM KC1. Cells were disrupted twice by French press (pressure 850 psi) and cell debris was removed by centrifugation (15k rpm with a Sorvall SS34 rotor, 20 min). The supernatant was mixed slowly with a 3 fold volume of an ice cold saturated ammonium sulfate solution and kept at 4°C for 30 min. After centrifugation (40 min, 17k rpm with a Sorvall SS34 rotor at 4°C) the pellet was resuspended in 5 ml buffer 1 (10 mM Tris (pH 7.6), 0.1 mM EDTA, 1 mM DTE (Dithioerythritol), 20 mM KC1) and dialysed against the same buffer overnight.
The suspension was loaded on a 2.5 x4.0 cm DEAE Sepharose column (Pharmacia) equilibrated in buffer 1. A linear gradient from 20 mM to 1.0 M KC1 in buffer 1 was used to elute the active R.BsuFl with a flow rate of 60 ml/h. Active fractions were pooled and dialysed against ten volumes of buffer 1 overnight.
The suspension was loaded on a 2.5x3.0 cm S Sepharose column (Pharmacia) equilibrated with buffer 1. Proteins were eluted with a linear gradient of 20 mM to 1 M KC1 in buffer 1. Fractions exhibiting R.BsuFl ENase activity were pooled and dialyzed against buffer 1. The protein pool was further purified with a 1.0 cmX2.5 cm DNA cellulose column (Pharmacia) and eluted with a linear gradient of 20 mM to 1.0 M KC1 in buffer 1 (flow rate 10 ml/h).
Finally, R.BsuFl active fractions were concentrated to a final volume of 2 ml by dialysis against buffer 2 (50 mM Hepes-KOH (pH 7.6), 0.5 M KC1, 10 mM EDTA, lmM DTE + 40% glycerol) and gel filtration on a 1.5x75 cm G-100 Sephadex column (Pharmacia) was performed. Samples were eluted with Endonuclease assay After each purification step, 1 -4 iA of selected fractions were analysed for R.BsuFl cleavage activity with phage X-DNA in 10 raM Tris/HCl (pH 7.6), 10 mM MgCl 2 and 1 mM DTE. Samples were incubated for 1 h at 37°C and cleavage products were analysed on 1 % agarose gels after staining with ethidium bromide. One unit of activity was defined as the amount of enzyme required for complete digestion of 1 ng X-DNA in one hour. (27) .
In vivo restriction activity
Other methods
Protein concentrations were measured according to the method of Bradford (28) The deduced amino acid sequence of this ORF had some similarities to the C-terminal sequence of RMspl (8) , which recognizes the same DNA target sequence (5'CCGG) as R.ftswFI. Considering that genes of R/M systems are generally closely linked on the chromosome, we speculated that the partial ORF identified represented indeed the C-terminus of R.BsuFl. Therefore the cloning strategy for the R.BsuFl gene was based on the integration of a marker gene into the chromosome of the donor strain B. subtilis ISF18 into the predicted R.BsuFl gene followed by cloning of sequences neighbouring the insert (31) (Fig. 1) . For this purpose a 0.6 kb DNA fragment from the internal region of the putative R.BsuFl gene was inserted into a derivative of pBR322 harbouring the Cat R gene of pC194. The resulting pBRCatl8 is only able to replicate in E. coli, not in B. subtilis. Therefore stable Cm" transformants were only expected in B. subtilis if integration into the chromosome had occurred via homologous recombination (Fig. 1A) . pBRCatl8 was transformed into ISF18, which encodes the genes of the BsuFl system. Two stable Cm R transformants were found. Both clones had lost the capacity to restrict the B. subtilis phage SPP1, but retained the ability for M.BsuFl specific modification. This suggested that the putative R.BsuFl gene had been disrupted following integration of the plasmid. Further work was performed with one of the insertional mutants (ISFCatl8).
RESULTS
Cloning of the R.BsuFl gene
In order to excise pBRCat 18 together with flanking sequences of the chromosome, R.Mlul was used to cleave chromosomal DNA of ISFCatl8. The resulting DNA fragments were religated under appropriate conditions and transformed in E. coli. Twentytwo Amp R transformants were found. One of them contained a plasmid, designated pBW5, carrying about 18kb of chromosomal DNA (Fig. IB) . The restriction analysis of this plasmid agreed well with the restriction map of the BsuFl locus (data not shown) and showed that the inserted pBRCatl8 was flanked by two direct DNA repeats, as would be expected if integration of pBRCatl8 into ISF18 had occurred by Campbell-type recombination (32) . Plasmid pBW5 was resistant to R.MspI cleavage, indicating that the M.BsuFl gene was also part of the cloned chromosomal DNA. The R.BsuFl gene, which had been disrupted by pBRCatl8 insertion, was reconstituted from subfragments contained in pBW5 (Fig. IB) . The fragments were inserted on a low copy number plasmid pBG2, creating pBW55 (Fig.lC) . We observed that the intact BsuFl R/M system on pBW55 cannot become established in E. coli without premodification of the host genome by M.BsuFl. Subclones of the R.BsuFl gene must therefore routinely be transferred into E. coli strains which already carry the M.BiwFI gene on an additional compatible multicopy number plasmid (pBW201). In order to identify the confines of the R.BsuFl gene within the cloned segment, several subclones were constructed and further tested for R./fowFI restriction activities in vivo. The R.fiywFI gene was detected on a 1.7 kb HindW/Hpal DNA fragment (Fig. 1C) . Several E. coli strains such as NM675, K803 or DH5aMcr carrying plasmids with the cloned R.fiswFI gene exhibit a strong restriction activity in vivo. Unmodified X v j r phage grew on K8O3 harbouring pBW55, for example, with an e.o.p. of about lxlO~4 compared with that of the M.BsuFl modified phage (e.o.p.: 1). In ISF18, the restriction frequency of non-modified SPP1 phage was .
Nucleotide and amino acid sequence of R.BsuFl Sequencing the 1.7 kb HindlH-Hpal DNA fragment revealed one ORF of 1185 bp with the translational start point at nucleotide (nt) 159 (Fig. 2) . This ORF codes for a protein of 395 amino acids with a calculated M r of 45.6 kD. The translational start point was verified by protein sequencing (see below). The ORF is preceded by a putative -35 box at nt 58-63 and a -10 box at nt 78-83; each box deviates at only one position from the consensus sequence of B. subtilis vegetative promoters (33) . It is difficult to predict a Shine-Dalgarno (S/D) sequence for the RfiswFI gene. Because of its similarity with the B. subtilis consensus sequence we favor the sequence (5'GGGGG), though we realize its unusual distance from the start codon.
Sequence comparison
Intermolecular amino acid sequence comparisons were performed between R.BsuFl and all ENases studied to date. Only the comparison with the isoschizomer R.Mspl showed 45% overall similarity in the amino acid sequence with R.BsuFl. Four regions with a high degree of amino acid identity (Fig. 3A) were identified. These regions are sequentially arranged in the same order in each enzyme, but are separated by different number of amino acids (Fig. 3B) . Regions I-III comprise 9-11 amino acids each with 56-63% identity between the sequences. The longest region of similarity, IV, comprises 42 amino acid residues and is located at the C-terminus. The 45% identity between R.BsuFl to R.Mspl in this region is also reflected in the nucleotide sequences of the corresponding genes (60%). Sequence comparisons between R.BsuFl and M.BsuFl revealed no significant homology, a feature commonly observed in all R/M systems published so far (34) .
Purification and characterization of R.BsuFl enzyme E. coli DH5aMcr cells harbouring the two plasmids pOU71-5, encoding M.BsuFl, and the expression vector pBW57, carrying the R.BsuFl gene under control of the tac-promoter (Fig. 4) were induced with IPTG and extracts were analysed by PAGE. In comparison to the control extract ( Fig. 5 lane 1) , one additional band regarded as the R.BsuFl enzyme with an estimated M r of about 40 kD appeared in a DH5aMcr [pOU71-5/ pBW57] cell extract ( Fig. 5 lane 2) . The amount of this protein increased significantly within four hours after IPTG addition. This result correlates with an about ten fold higher in vivo restriction activity of induced cells compared with non-induced ones (data not shown). The R.BsuFl enzyme was purified to homogeneity in 4 steps (Tab. 1) yielding about 40 /tg of pure R.BsuFl from about 1 g (wet weight) cells.
The calculated M r of R.BsuFl (45.6 kD) differs from the apparent M r of about 40 kD estimated by PAGE (Fig. 5) . The N-terminal amino acids of R.&wFI were, therefore, verified by protein sequencing. The determined amino acid sequence M N KDNQIKN??GK matches with that derived from the nucleotide sequence of the R.BSMFI gene (see Fig. 2 ).
R.BsuFl, with 395 amino acids, is larger than most ENases, which average 280 amino acids (2) . Restriction enzymes of this size usually work as a dimers. Only R.BsuRl, with 576 amino acids the largest typell ENase (35, 36) and R.Saw96I, which comprises 430 amino acids (37) are supposed to act as monomers. To determine the subunit composition of R.BsuFl enzyme under native conditions we performed a gel filtration on a G-100 Sephadex column. The active R.&MFI enzyme elutes at a volume which corresponds to a size of about 85 kD, compatible with the assumption that the enzyme acts as a dimer (Fig. 6) .
Initial evidence for the R.BsuFl cutting position within the 5'CCGG target sequence was provided by ligating R.BsuFl cleaved fragments with either DNA fragments containing blunt ends (e.g. as produced by R.EcoRV) or fragments which had 5'CG overhangs ( e.g. as produced by R.Afarl). Ligation was only observed with fragments containing 5'CG overhangs (data not shown). We concluded that R.BsuFl cleaves the sequence 5'CCGG between the two cytosines producing a 5'CG overhang similar to R.Mspl. This conclusion was later substantiated by the direct determination of the R.BsuFl cleavage position in a sequencing reaction (Xu, unpublished results) according to a method described by Brown et al. (38) .
The effect of site-specific methylation within the 5'CCGG target of R.BsuFl was examined using different DNA substrates methylated in vivo (Fig. 7) . Neither R.BsuFl nor R.Mspl are inhibited by M.f/pall-methylation (39) . The enzymes differ only in their sensitivity to salt: whereas R.&MFI is fully active at 100 mM NaCl, R.Mspl is only partially active under these conditions (data not shown).
DISCUSSION
The BsuFl R/M system is one of six R/M systems that have been identified in B. subtilis (10, 40) . Initial attempts to clone the two genes of the BsuFl R/M system together, in one step, according to the method of Kiss et al.(35) were unsuccessful. Since the M.BsuFl gene, alone, was readily clonable, we attributed this failure to a deleterious effect of expression of the R.BsuFl gene. Therefore, an alternative approach was carried out for the isolation of the R.BSHFI gene, in which the gene was disrupted by insertional mutagenesis prior to cloning in E. coli. Subsequently the R.BsuFl gene was reconstituted and could be cloned in E. coli, provided the cells had previously received the corresponding Mtase gene. The presence of the Mtase gene was also required for cloning of the entire BsuFl R/M system. The need for this 'two step' cloning procedure was attributed to uncoordinated expression of the genes comprising the R/M system in the heterologous E.coli host (41) . This phenomenon has been reported before (42) . In contrast, the genes of the entire Mspl R/M system can be introduced into non-premodified E. coli cells, possibly pointing to different rules governing the expression of these genes in E. coli (8) . The genes of thefiswFI R/M system are convergently transcribed (see Fig. 10 ) and each is preceded by putative transcription/translation signals which are presumed to be recognized not only in B. subtilis but also in E. coli, where the R/M system is also active in vivo. The 71 bp region separating the two genes includes a 16 bp inverted repeat flanked by T-rich sequences. This structure probably serves as a bidirectional rhoindependent transcriptional terminator signal for both genes (Fig. 2) .
Amino acid sequence comparisons between Mtases have shown that the 5mC (5) and the 4mC/6mA (6, 7) enzymes represent distinct classes of Mtases. In contrast, amino acid comparisons among ENases did not in the majority of cases reveal any significant amino acid sequence similarity (43, 44) . Exceptions are the two pairs of isoschizomers R.EcoRllR.Rsrl (4) and R.BsuBl/R.Pstl (G. Xu, unpublished results) with 50% and 45% overall amino acid identity, respectively, both of which are components of 6mA specific R/M systems. No significant similarity has been found between Mtases and ENases. These observations suggest that the genes of Mtases and ENases of known R/M systems have different evolutionary origins. Within their evolutionary pathways, Mtases in general have diverged less from each other than ENases (34, 43, 44) .
In both 6mA specific R/M systems mentioned above a common origin of the ENases can be proposed. Among the 5mC-specific R/M systems, R.BsuFl and R.Mspl are the first pair of isoschizomeric ENases which have been found to share significant amino acid sequence similarity, suggesting that the enzymes derived from a common ancestor. The conservation of amino acids is pronounced towards the C-termini, probably reflecting the significance of these regions for the basic functional activity of these enzymes. The N-terminal regions on the other hand are highly diverse. In fact, the difference in M r of the two enzymes can mostly be attributed to differences in length of the N-termini.
Based on the identification of intramolecular repeats in some ENases, Lauster (43) proposed that their evolution involved gene duplication. In R.&MFI, short regions with identical amino acid composition could be found (Fig. 8 ), whereas such repeats are absent in R.Mspl. The presence of the repeated motifs la and 2a in the non-conserved N-terminal portion of the R.BsuFl enzyme (Fig. 8) suggests that duplication events of genetic material have occurred during the evolution of R.BswFI gene, but not of R.Mspl. Interestingly, the repeated motifs of R.BsuFl are not among sequences conserved in both ENases (Fig. 3) .
Assuming that R.ZfowFI and R.Mspl derive from a common ancestor, extensive parts of the proteins have followed divergent evolutionary avenues accompanied by drastic alterations of the primary structures. Yet both have retained the capacity to cleave the same DNA target sequence in the same manner and both exhibit identical sensitivity to different types of methylation. These observations imply a high flexibility of these enzymes for changes in the length and composition of their amino acid sequences while maintaining identical enzymatic properties. If such a structural flexibility represents a more general phenomenon, the evolutionary relationship between type II ENases could be obscured. This might explain the apparent unrelatedness among this class of enzymes (43, 44) .
In the case of the BsuFl and Mspl R/M systems both the ENase and the Mtase genes apparently derive from common ancestral genes. Important aspects of the evolutionary history of these R/M systems concern the arrangements of the genes and their directions of transcription. In the BsuFl R/M system, the genes are convergently, and in the Mspl R/M system (8) they are divergently transcribed (Fig. 9) . The orientational differences support the notion that the genes of R/M systems assemble in a stepwise process, in which a cell first acquires a Mtase gene and then the corresponding ENase gene. It is an open question what selective pressure is responsible for bringing the genes into close proximity, a situation which is true for most R/M systems studied thus far.
